Abstract: Luffa cylindrica (L.) Roem. is an economically important vegetable crop in China. However, the genomic information on this species is currently unknown. In this study, for the first time, a genome survey of L. cylindrica was carried out using next-generation sequencing (NGS) technology. In total, 43.40 Gb sequence data of L. cylindrica, about 54.94× coverage of the estimated genome size of 789.97 Mb, were obtained from HiSeq 2500 sequencing, in which the guanine plus cytosine (GC) content was calculated to be 37.90%. The heterozygosity of genome sequences was only 0.24%. In total, 1,913,731 contigs (>200 bp) with 525 bp N 50 length and 1,410,117 scaffolds (>200 bp) with 885.01 Mb total length were obtained. From the initial assembled L. cylindrica genome, 431,234 microsatellites (SSRs) (≥5 repeats) were identified. The motif types of SSR repeats included 62.88% di-nucleotide, 31.03% tri-nucleotide, 4.59% tetra-nucleotide, 0.96% penta-nucleotide and 0.54% hexa-nucleotide. Eighty genomic SSR markers were developed, and 51/80 primers could be used in both "Zheda 23" and "Zheda 83". Nineteen SSRs were used to investigate the genetic diversity among 32 accessions through SSR-HRM analysis. The unweighted pair group method analysis (UPGMA) dendrogram tree was built by calculating the SSR-HRM raw data. SSR-HRM could be effectively used for genotype relationship analysis of Luffa species.
Introduction
Luffa, or sponge gourd, belonging to the Cucurbitaceae family, is a diploid species with 26 chromosomes (2n = 26) and a cross pollinated crop [1] . Luffa cylindrica (L.) Roem. is one of the most important cultivar species and is mainly planted in tropical and subtropical areas, such as China, Thailand, India, Malaysia, etc. If fruits are harvested at young stage of development, they can be eaten as an edible vegetable, which contains abundant bioactive substances such as alkaloids, flavonoids, sterols, glycosides and glycoprotein to benefit human health [2, 3] . When Luffa is fully ripened, the tough fibrous netting from the matured fruit can be used in the bath and kitchen, or as marine steam engine filters and industrial raw materials [4] . Luffa acutangula (L.) Roem. is another species of Luffa genus, which is closely related with Luffa cylindrica (L.) Roem. [1] .
Although many studies on Luffa germplasm resources and conventional breeding have been performed, genetic studies are still in their infancy. Currently, no genome survey sequences on Luffa have been reported (as at July 2017), Moreover, only 372 DNA and RNA sequences (https: //www.ncbi.nlm.nih.gov/nuccore/), 41 sequence sets from phylogenetic and population study (https: //www.ncbi.nlm.nih.gov/popset/) and one expressed sequence tag (EST) (https://www.ncbi.nlm.nih. gov/nucest/) could be found in National Center for Biotechnology Information (NCBI). The narrow genetic and genomic resources obviously limited the breeding improvement of Luffa.
The recent development of next-generation sequencing (NGS) technologies has produced a large amount of available sequence data. Genome survey sequencing via NGS is an important and cost-effective strategy in generating extensive genetic and genomic information relating to the metabolism and development of organisms [5] . Therefore, to investigate and provide a genomic resource of Luffa for further study, genome survey of L. cylindrica was conducted using NGS technology. These results would be useful for crop improvement programs and better utilization of genomic information in the future [6] .
In addition, because of the advantages including decent reproducibility, co-dominance, relative abundance and simplicity, SSR markers have become one of the most useful tools for genetic diversity and linkage mapping analysis. Genomic SSRs and EST SSRs are considered complementary for plant genome mapping [7] . Recently, 1046 pairs of EST-SSR markers were synthesized and verified through transcriptome sequencing in sponge gourd [1, 8] . EST-SSRs are useful for genetic analysis; however, their primary limitations are relatively low polymorphism and high possibility of no gene-rich regions in the genome. In contrast, genomic SSRs are highly polymorphic and tend to be widely distributed throughout the genome, resulting in better map coverage [9] . Thus far, no genomic sequence-based markers are available for Luffa.
Meanwhile, high resolution melting (HRM), a sensitive mutation detecting method, has been identified as a powerful, efficient and cost-effective method to analyze genetic variation [10] . It was considered as an evolution of real-time polymerase chain reaction (PCR) technology. During the process of PCR, fluorescent dyes would insert into double-stranded DNA, and accumulate until the end of PCR. Then, with the temperature increasing 0.1 • C or more per one second from annealing temperature (~60 • C) to relatively high temperature (~95 • C), fluorescence dye separated from DNA, and fluorescence signal was detected at the same time to analyze the Tm values, melting curves and other information. Discrimination of the target amplicon from non-specific products can be done by measuring the difference between Tm values, and the shape of HRM curves [11] . Each HRM curve of amplicon had its own accurate characteristic, which depends on GC content, amplicon length and sequence of the nucleotide sequence [12] . The differences between different amplicons need to be determined after further normalization [13] . Based on the HRM curves, amplicons can be identified even with the same Tm values, and be classified to several categories according to their normalized melting curves and difference plots. Moreover, it allows detection of sequence variants without sequencing or hybridization procedures [14] . The combined analysis HRM and SSR has been used to differentiate highly similar cultivars of sweet cherry [11] , lentils (Lens culinaris) [15] and Olea europaea [16] . However, the relevant study on Luffa has not yet been reported.
In this study, L. cylindrica genome sequence produced by genome survey sequencing was reported, which was used to develop a set of new genomic SSR markers of Luffa. The HRM technique efficiency for identifying SSRs in PCR amplifications was assessed and the SSR-HRM method was used to discriminate different Luffa species and cultivars.
Results

Genome Sequencing and Sequence Assembly
Based on the genome sequence data, 43.40 Gb clean reads were generated from the small-insert (220 bp) library. The approximate 54.94× coverage (Table 1) was much better than 30X coverage, which indicated successful assembly [17] . Assembly with K-mer 75 by the SOAPdenovo produced scaffolds with the N 50 of~807 bp, and a total length of~885.01 Mb (Table 2) . The N 50 of scaffolds and contigs was calculated by ordering all sequences, then adding the lengths from the longest to shortest until the added length exceeded 50% of the total length of all sequences. N 90 is similarly defined.
Genome Size Estimation, GC Content and Genome Survey
For the 19-mer frequency distribution (Figure 1 ), the number of K-mers was 37,188,237,568, and the peak of depth distribution was 47.08. The estimated genome size was 789.97 Mb. Similarly, the minor peak at the position of the integer multiples of the main peak indicated a certain repeat rate, and the position at half of the main peak indicated the heterozygosis rate, which were 71.37% and 0.24% in L. cylindrica genome, respectively. L. cylindrica had a mid-GC content of 37.90% (Figure 2 ). The N50 of scaffolds and contigs was calculated by ordering all sequences, then adding the lengths from the longest to shortest until the added length exceeded 50% of the total length of all sequences. N90 is similarly defined.
For the 19-mer frequency distribution (Figure 1 ), the number of K-mers was 37,188,237,568, and the peak of depth distribution was 47.08. The estimated genome size was 789.97 Mb. Similarly, the minor peak at the position of the integer multiples of the main peak indicated a certain repeat rate, and the position at half of the main peak indicated the heterozygosis rate, which were 71.37% and 0.24% in L. cylindrica genome, respectively. L. cylindrica had a mid-GC content of 37.90% ( Figure 2 ). From the 1,064,011,890 bp genome survey sequence, 431,234 SSRs were identified ( Table 3 ). The motif length of SSR repeats (without mono-nucleotide) included 62.88% di-nucleotide, 31.03% trinucleotide, 4.59% tetra-nucleotide, 0.96% penta-nucleotide and 0.54% hexa-nucleotide repeats ( Figure 3A) . Within the di-nucleotide repeat motifs, the AT/AT accounted for 64.56%, AG/CT for 25.81%, AC/GT for 9.31% and CG/CG only for 0.32% ( Figure 3B ). The predominant tri-nucleotide motifs, AAT/ATT, AAG/CTT and ATC/ATG repeats, respectively, accounted for 55.36%, 25.86% and From the 1,064,011,890 bp genome survey sequence, 431,234 SSRs were identified ( Table 3) . The motif length of SSR repeats (without mono-nucleotide) included 62.88% di-nucleotide, 31.03% tri-nucleotide, 4.59% tetra-nucleotide, 0.96% penta-nucleotide and 0.54% hexa-nucleotide repeats ( Figure 3A) . Within the di-nucleotide repeat motifs, the AT/AT accounted for 64.56%, AG/CT for 25.81%, AC/GT for 9.31% and CG/CG only for 0.32% ( Figure 3B ). The predominant tri-nucleotide motifs, AAT/ATT, AAG/CTT and ATC/ATG repeats, respectively, accounted for 55.36%, 25.86% and 5.79% ( Figure 3C ). SSR motifs categorized by their unit sizes and the number of repeats were summarized ( Figure  4 ). The numbers of di-nucleotide and tri-nucleotide repeats were much more than the other four types. The frequency distribution eliminate range of SSR motif repeats among genomic SSR markers in L. cylindrica ranged 6-37 repeats for di-nucleotide, 5-25 for tri-nucleotide, 5-18 for tetra-nucleotide, 5-15 for penta-nucleotide, and 5-12 for hexa-nucleotide. The variations of repeat numbers decreased with increased motif length. SSR motifs categorized by their unit sizes and the number of repeats were summarized (Figure 4) . The numbers of di-nucleotide and tri-nucleotide repeats were much more than the other four types. The frequency distribution eliminate range of SSR motif repeats among genomic SSR markers in L. cylindrica ranged 6-37 repeats for di-nucleotide, 5-25 for tri-nucleotide, 5-18 for tetra-nucleotide, 5-15 for penta-nucleotide, and 5-12 for hexa-nucleotide. The variations of repeat numbers decreased with increased motif length. 
Genomic SSR Markers Development
Based on the genome survey of L. cylindrica, 80 genomic SSR primer pairs were designed and synthesized, which were mainly perfect five and six SSR motif repeats. These markers were tested using two inbred cultivars, "Zheda 23" (L. cylindrica) and "Zheda 83" (L. acutangula.). The hybrids between L. cylindrica and L. acutangula had strong heterosis effects [1] . The results in Figure 5 showed that 65 of 80 SSR loci were amplified in "Zheda 23", and 59 of 80 in "Zheda 83", in which, 51 common SSR loci were identified. Nineteen of fifty-one identified SSR loci were chosen (Table 4) y-axis, frequency of this SSR type; blue bars, di-nucleotide repeat motifs; yellow bars, tri-nucleotide repeat motif; gray bars, tetra-nucleotide repeat motifs; orange bars, penta-nucleotide repeat motifs; and green bars, hexa-nucleotide repeat motifs.)
Based on the genome survey of L. cylindrica, 80 genomic SSR primer pairs were designed and synthesized, which were mainly perfect five and six SSR motif repeats. These markers were tested using two inbred cultivars, "Zheda 23" (L. cylindrica) and "Zheda 83" (L. acutangula.). The hybrids between L. cylindrica and L. acutangula had strong heterosis effects [1] . The results in Figure 5 showed that 65 of 80 SSR loci were amplified in "Zheda 23", and 59 of 80 in "Zheda 83", in which, 51 common SSR loci were identified. 
Based on the genome survey of L. cylindrica, 80 genomic SSR primer pairs were designed and synthesized, which were mainly perfect five and six SSR motif repeats. These markers were tested using two inbred cultivars, "Zheda 23" (L. cylindrica) and "Zheda 83" (L. acutangula.). The hybrids between L. cylindrica and L. acutangula had strong heterosis effects [1] . The results in Figure 5 showed that 65 of 80 SSR loci were amplified in "Zheda 23", and 59 of 80 in "Zheda 83", in which, 51 common SSR loci were identified. Nineteen of fifty-one identified SSR loci were chosen (Table 4) Nineteen of fifty-one identified SSR loci were chosen (Table 4) to perform HRM analysis, which were clear enough and could be amplified by both Luffa cultivars. Gene diversity ranged from 0.1913 to 0.8137, and the PIC at each locus ranged from 0.1730 to 0.7896 with an average of 0.5281. Shown for each primer pair are the repeat motif, primer sequences, gene diversity, and polymorphism information content (PIC).
Genetic Relationship Analysis by SSR-HRM
For genetic relationship analysis using SSR-HRM method, the genotype of each DNA sample was determined based on the shape of curves depicted by temperature-shifted melting curves and difference plots. In the analysis option of software, both deltaTm discrimination and curve shape sensitivity were set up to 50%. Afterwards, the curves were analyzed, melting curves and difference plots were obtained, and these curves were clustered to several genotype groups. The corresponding accessions would be recorded with their genotype group number (Table 5) .
For example, using the genomic SSR marker, Zhejiang University Luffa marker (ZJULM) 50, the difference plots of 32 accessions are shown in Figure 6A and normalized melting curves in Figure 6B . All these cultivars were obviously gathered into eight unique Luffa genotypes. The representative HRM genotype in each group is shown in Figure 6C ,D, which could be easily distinguished visually by their difference plots and melting curves, such as "Zheda 2" (group 3) and "Sanbier" (group 7). Then, each accession was marked with its own genotype group number ( Figure 6E ) for further study.
The 18 other SSR markers were performed similar to ZJULM 50, and finally the result of these 19 groups of SSR-HRM are presented in Table 5 .
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Accessions were marked with their genotype group number after SSR-HRM analyses. "0" means invalid data.
In addition, to evaluate the reliability and efficiency of SSR-HRM method, polyacrylamide gel electrophoresis (PAGE) and sequencing were carried out using the same PCR product obtained with ZJULM 50, thus the results can directly be compared with SSR-HRM results in Figure 6 . The results of PAGE could only cluster those 32 accessions to four taxa ( Figure 7 ). All PCR products obtained with ZJULM 50 were sequenced, and, to get the cluster result of these sequencing data, evolutionary relationships of those 32 accessions were measured by MEGA7, based on Neighbor-Joining method [18] (Figure 8 ). polyacrylamide gel at 60 mA constant current (Nos. 1-32, 32 accessions, detailed explanation can be seen in Table 6 ; DNA Marker: DL2000).
Figure 7.
Results of PCR products obtained with the SSR marker ZJULM 50 on 6% denaturing polyacrylamide gel at 60 mA constant current (Nos. 1-32, 32 accessions, detailed explanation can be seen in Table 6 ; DNA Marker: DL2000).
According to these 19 group SSR-HRM genotype data (Table 5) , dendrogram for 32 Luffa accessions were performed (Figure 9 ) based on Nei's genetic distance coefficient [19] , and then these 32 accessions were divided into two groups: Cluster A and Cluster B. Cluster A was comprised of 28 accessions belonging to L. cylindrica, and Cluster B included four accessions belonging to L. acutangula. The genetic distance coefficient between L. cylindrica and L. acutangula was 0.11, higher than 0.00 that was previously reported by Wu et al. [8] . According to cluster analysis above, the similarity among all these accessions ranged from 0.11 to 0.86. Results of PCR products obtained with the SSR marker ZJULM 50 on 6% denaturing polyacrylamide gel at 60 mA constant current (Nos. 1-32, 32 accessions, detailed explanation can be seen in Table 6 ; DNA Marker: DL2000). Table 7 ; the color of the branches is the same with the result of SSR-HRM group color in Figure 6E ).
According to these 19 group SSR-HRM genotype data (Table 5) , dendrogram for 32 Luffa accessions were performed ( Figure 9 ) based on Nei's genetic distance coefficient [19] , and then these 32 accessions were divided into two groups: Cluster A and Cluster B. Cluster A was comprised of 28 accessions belonging to L. cylindrica, and Cluster B included four accessions belonging to L. acutangula. The genetic distance coefficient between L. cylindrica and L. acutangula was 0.11, higher than 0.00 that was previously reported by Wu et al. [8] . According to cluster analysis above, the similarity among all these accessions ranged from 0.11 to 0.86. Table 7 ; the color of the branches is the same with the result of SSR-HRM group color in Figure 6E ). 
Discussion
Characteristics of Luffa cylindrica L. Genome
The genomes of Cucurbitaceae family members Cucumis melo L. and Cucumis sativus L. have been reported. The genome size of Cucumis melo L. was 375 Mb, representing 83.3% of the estimated melon genome [20] , while Cucumis sativus L. was only 243.5 Mb, 72.8% sequence anchored on chromosome [21] . From our genome survey data, the estimated genome size of L. cylindrica was 789.97 Mb using all of the clean data for K-mer analysis, which was almost two times of Cucumis melo Figure 9 . Dendrogram for 32 Luffa accessions derived from UPGMA cluster analysis obtained with the 19 genomic SSR markers using HRM analysis. Coefficient was based on Nei's genetic distance coefficient [19] .
Discussion
Characteristics of Luffa cylindrica L. Genome
The genomes of Cucurbitaceae family members Cucumis melo L. and Cucumis sativus L. have been reported. The genome size of Cucumis melo L. was 375 Mb, representing 83.3% of the estimated melon genome [20] , while Cucumis sativus L. was only 243.5 Mb, 72.8% sequence anchored on chromosome [21] . From our genome survey data, the estimated genome size of L. cylindrica was 789.97 Mb using all of the clean data for K-mer analysis, which was almost two times of Cucumis melo L. and three times of Cucumis sativus L. Genome data of L. cylindrica can be improved by the additional sequencing of larger insert libraries to increase the contig and scaffold sizes. With the development of NGS technologies, genome sequencings of horticultural plants, such as L. cylindrica, not only help easily understand genome organization and critical gene associated with important traits, but also help conveniently design more highly polymorphic molecular markers for subsequent application in molecular breeding [22] . In addition, these data here contribute to genomic research of sponge.
The GC content affected the sequence bias directly [23] . More than 65% or less than 25% GC contents might cause sequence bias on the Illumina sequencing platform. Because genomic sequences obtained through high-throughput sequencing are not uniformly distributed across the genome. This systematic bias is a particular problem for techniques, thus seriously affecting genome assembly [24, 25] . L. cylindrica had 37.90% GC content, which was higher than that of potatoes (34.8-36 .0%) [26, 27] , while lower than that of Rosa roxburghii Tratt (~38.64%) [8] , Gracilariopsis lemaneiformis (~48%) [9] , human (~41%) and Nasonia vitripennis (~40.6%) [28] .
From the 1,064,011,890 bp genome survey sequence, 125,094 SSRs without mono-nucleotide repeats were identified. Therefore, the distribution of SSRs in the genome of L. cylindrica was estimated to be about 117.57 SSRs per Mb, which is lower than the 135.5 SSRs per Mb in Arabidopsis [29] . Among the di-nucleotide repeat motifs, AT/AT accounted for 64.56% and was confirmed to be the most abundant type, followed by AG/CT, accounting for 25.81%. This was consistent with the results that AAT/ATT, AAAT/ATTT, AAAAT/ATTTT and AAAAAG/CTTTTTT were the most abundant repeat motifs in their SSR motif repeats, and they were all A/T rich motifs existing in L. cylindrica. This phenomenon was similar to other species such as Brassica napus [30] , rice [31] , peanut [32] and Arabidopsis [33] , in which A/T rich motifs also performed a dominant role.
Genomic SSR Markers Development
In this study, 65/80 of genomic SSR markers could be amplified by "Zheda 23" (L. cylindrica) and 59/80 by "Zheda 83" (L. acutangula) based on agarose gel electrophoresis. Nineteen markers were used for SSR-HRM, and the other markers (Table 6 ), which could also be amplified by "Zheda 23" or "Zheda 83", might be meaningful for further study such as QTL mapping. All of these genomic SSR markers were valuable for fingerprinting and genetic analysis of Luffa. AAATTGGGTATCCATCTC  CATAAAACTTCCGTGAAA  ZJULM 2  MF677781  TATTTGGTCCAACAATAG  TTGAAAGTTCAATAAACC  ZJULM 4  MF677782  CTTTGGGCTTCTTCACTA  TTTGGGTGAAAGTTTTGT  ZJULM 5  MF677783  TCAACACTCTGCCAATTG  AGCCCCATGAACATAAAA  ZJULM 6  MF677784  TAAAAGTTCATTCATTACAC  GACATAACAAAATAGGATAA  ZJULM 7  MF677785  ATCTAAAATAAATTAACGGG  CAAATTTGGTTGAATTTACA  ZJULM 8  MF677786  ATTTGATTCGATGCTACC  GAGCTCTTCGGAATTTTA  ZJULM 9  MF677787  AAAGAAGCATAATCCCTT  TAACCTGCAATTCAATGT  ZJULM 10  MF677788  ATGGGAGTTGGGCTATTT  ATCAGCAGCAGTGTTTGG  ZJULM 11  MF677789  TCTTCCTCCCTCTTATCC  TCTGAATGGGGTTGGTTT  ZJULM 12 MF677790 GTGTTTGGTTATGAATTT CCTTATAATTTCAATTCC TCTCCCTCCCTCTTGCTC  TGTAAACTTAACCCAAACCTC  ZJULM 14  MF677792  TTCTTCTCAGGCACTCCA  CACAAAGTACCAAGGTGG  ZJULM 15  MF677793  TGTTTGGATCTAAAGAAA  TAAACAACATGGATGAAT  ZJULM 16  MF677794  CTCTATGAGGTCTGTGGGAGA  GAGCTAAGCCCCAAAATC  ZJULM 17  MF677795  TTGTCTTTACTATTGGGA  ATTATCAAACATCCACAA  ZJULM 18  MF677796  TCAGGATTGTTAAGCCAGTT  CAATGACCAGCAATGACC  ZJULM 19  MF677797  GCACCTAAGCCAACCAAC  GGACAATGCATGTCACGA  ZJULM 22  MF677798  GAGAAGAAGACTCTGGGG  AAGAAAAGTGAAATCCCA  ZJULM 23  MF677799  GAAAAGTCGTTGACAACA  CAATTTCGTTTGAATGTT  ZJULM 24  MF677800  CGAATGTTAAAGAAACTT  CGAATGTTAAAGAAACTT  ZJULM 25  MF677801  AAAAGTCGTTGACAACAT  TACAATTTCGTTTGAATG  ZJULM 26  MF677802  AAACAGTTTCCCTTACCA  AATATCGTGGAGGTTGTC  ZJULM 27  MF677803  GGACACCAAAGTAAACATGC  CTAGTTTCATCAATTCCAAG  ZJULM 28  MF677804  ACTTGCTTATCAGAGTGGCA  ATGTTTGTCGGTAATGTTCG  ZJULM 29  MF677805  CCACCTGTAATGTTATCCAT  ATTTTGGTACGTTATCTGCT  ZJULM 30  MF677806  AGCAACTAAAATGAGGTAAA  TATTGATGGCATCCATCCTG  ZJULM 31  MF677807  GCCAACTCATAACAAGAATC  TAATCACCAACACCTTATTC  ZJULM 32  MF677808  GAAATGTGAAATCCCACG  TGGACGGAGTAGAGGTGA  ZJULM 33  MF677809  TAGCCGTTCGTTTTCATT  CACCGACATTCTAAATCCTG  ZJULM 34  MF677810  CATGGCGGCTATGAAGGC  TCCGCACAGTGACAGAGTGGT  ZJULM 35  MF677811  TTATGTCTGTCCCGTTCA  ATACCTTATCTTTGTGCC  ZJULM 38  MF677812  GGGGAGAAATAAGAAATAG  TTCGCTTCGTGGTGTTGG  ZJULM 40  MF677813  TATCCAATAAGCTTGAAG  AAACTATCGCATGTAATG  ZJULM 43  MF677814  CTACCCGTGAGAATTTGA  CACTACTTCCACCCACAA  ZJULM 48  MF677815  TAGAAAGGAAAGGAGGAA  TTCAAGAGTTCAGGGTTT  ZJULM 49  MF677816  GAGAAAGATAATTGAAAGGGAT GTGCTGCCATACGGTTAG  ZJULM 52  MF677817  ATCTAAAATTTAAAGGGG  TAGACCATAATACCCCTT  ZJULM 54  MF677818  TGTTGTTATGAATCGGTGAA  TAGGCAAAGGAAAGTTGG  ZJULM 56  MF677819  TGGCGGCGGAGCAGTGAA  ACCACCCGTAGGGCGTGTCC  ZJULM 57  MF677820  TTCTTCTCCCTCTTTGCT  ACAGTCACCGCCTCATAT  ZJULM 58  MF677821  GTATCGTATCGGGTGCCT  TTCCTTTCCACATGCCTC  ZJULM 60  MF677822  ATTTCTGTTAATTTGGTTCC  CAATCGAATAAAAGGTCAA  ZJULM 62  MF677823  TTTTCAAAGTTCAAGGAC  TTAGTGTCACGTCAGCAT  ZJULM 63  MF677824  CAGGCGAAGCAAAGGATT  TGATGGTCTGACGGAGGC  ZJULM 64  MF677825  TTTGTCACAATCCCACCT  GAATACGCAGCCTTCTTT  ZJULM 65  MF677826  AGAATGATTTACCCGTAG  AGAGGAGGAACTTTTGAT  ZJULM 68  MF677827  CCCCTCCCCTCCAAAATA  TTGCCCAGGAACGAACTT  ZJULM 69  MF677828  TCATTCCTACCGAAAGTA  AACGGACCCTTATACTTG  ZJULM 70  MF677829  AAGCGGGAGCTAAGAATG  GCTGGAATGTTGGGAGAA  ZJULM 72  MF677830  ACACCGTAACAGATCAAA  CTCATTCTTTCCCTTTCT  ZJULM 74  MF677831  ATCTAAAATTTAAAGGGG  TAGACCATAATACCCCTT  ZJULM 75  MF677832  TGTTGTTATGAATCGGTGAA  TAGGCAAAGGAAAGTTGG  ZJULM 76  MF677833  AACCCACAGAATAAAGATG  GAAGAAGCTCCTACCTGA  ZJULM 80 MF677834 TCAATGCCAGTGTCTCAA GCTTCTTATTGGACCTATTT
Genetic Relationship Analysis by SSR-HRM
Following the standard protocol of HRM, experiment data were obtained that could be analyzed by corresponding software. During analysis period, deltaTm discrimination and curve shape sensitivity were two core parameters that significantly affected the clustering results. If the sensitivity were too high, the clustering results obtained with the same SSR marker would be diverse from each other, while, if the sensitivity were too low, it would lead to completely consistent results. These two situations would make clustering difficult to carry out. According to the experiment, 50% would be the appropriate level of these two parameters. In this case, the curves were analyzed, melting curves and difference plots were generated, and these curves were clustered to several genotype groups. The corresponding accessions was recorded with their genotype group number, and then these genotype results were analyzed with traditional SSR analysis software, such as PopGene, Power Marker, NTSYS, etc. It provided us an unusual experience of quickly identifying different accessions.
PAGE and sequencing are traditional methods to analyze PCR products. From the results of PCR products obtained with ZJULM 50 based on PAGE (Figure 7 ), these 32 accessions could be clustered into four taxa, while SSR-HRM ( Figure 6 ) easily gathered those accessions into taxa with visual difference. As for the result of sequencing (Figure 8 ), more than nine taxa were demonstrated.
Comparing the result of SSR marker ZJULM 50 by PAGE, sequencing and SSR-HRM methods, many similarities and differences were found. For example, Nos. 25, 29 and 32 had a similar banding pattern in PAGE, and were also proven to be closely related in sequencing and SSR-HRM. A similar situation was found in Nos. 13, 19 and 22 accessions. In addition, Nos. 1, 7, 8, 9, 11, 12, 24, 26, 27, 28, 30 and 31 in PAGE have similar banding patterns, with one main belt and two incidental ones represented at the same level, thus these accessions were classified to one taxon. However, according to the sequencing result (Figure 8 ), Nos. 7-9 were clearly separated from the other nine accessions. This result was closer to the sample characteristics that Nos. 7-9 accessions were L. acutangula, but the other nine accessions belonged to L. cylindrica. The result of SSR-HRM ( Figure 6E ) was nearly the same with sequencing on this point, in which Nos. 1, 24, 26, 27, 28, 30 and 31 were identified to be same taxon, and Nos. 7-9 were classified to another taxon. In addition, as No. 6 belonged to L. acutangula, No. 6 showed a relatively close genetic relationship with Nos. 7-9 in sequencing and SSR-HRM. However, different banding patterns obviously misled the judgment of No. 6 in PAGE. Thus, it suggested that SSR-HRM could distinguish better and was much more accurate than PAGE. Based on different calculating method, sensibility and identifying principles, the result of SSR-HRM derived from one pair of SSR markers might different from sequencing, such as Nos. 11 and 12 accessions. However, the final result of the genetic relationship would tend to be consistent with the increasing number of markers used.
In total, 135 primer pairs were used to analyze the genetic relationship among 32 Chinese bayberry (Myrica rubra) accessions through PAGE method [7] . However, 32 Luffa specific cultivars could easily be identified by only 19 SSR markers in this study. It indicated that SSR-HRM is a method with relative high resolution, high throughput and efficiency. Compared with sequencing, SSR-HRM requires less money and could obtain nearly the same result in a relatively short period. Therefore, SSR-HRM has become increasingly popular in many crop analyses such as cultivar identification and genotyping [11, 15, 16] .
In this study, 28 accessions belonging to L. cylindrica and four accessions belonging to L. acutangula were clearly divided into two clusters ( Figure 9 ). Cluster A was L. cylindrica with different phenotypes. Both "Lvbaoshi" and "Chunjianlv" were from Lanzhou, Gansu Province. They had high genetic distance coefficient (~0.83), which was mainly relevant with their highly similar phenotype, such as 200-400 g weight, green fruit color, 4 cm diameter and 35-40 cm length per sponge fruit. In addition, "Jipinduanbang" was green color, short length (~18 cm) and thick diameter (~6.5 cm), while "Baimeichunxiang" was almost white color,~24 cm length and about 6 cm diameter. Thus, they were clearly separated and genetic distance coefficient was only~0.59. All four cultivars in Cluster B belonged to L. acutangula. "Shuangjiannaihan" was from Guangdong Province; however, it had~0.71 genetic distance coefficient with the local cultivar "Zheda 84". It suggested that the similar genetic characteristics existed in those two cultivars. The coefficient ranged from 0.11 to 0.86 throughout the result of dendrogram, and the accessions with similar traits were clustered together. Therefore, based on the advantages of HRM and genomic SSR markers, SSR-HRM technology was considered as a rapid, cost effective and high-throughput method for genotyping analyses.
Materials and Methods
Plant Materials and DNA Extraction
Luffa cultivar "Zheda 23" (Luffa cylindrica L.) was grown in the Zijingang Campus, Zhejiang University, Hangzhou City, China (30 • 18'18"N, 120 • 4'44.4"E) for the genome survey, which possessed the characteristic of typical cultivation. The genomic DNA was extracted from the tender leaves using the DNA Kit (Tiangenbiotech, Beijing, China). The quality and amount of DNA were checked by means of spectrophotometer analysis using Nanodrop 2000. In addition, the DNA of 32 cultivars (Table 7) was also extracted from the tender leaves by DNA kit (Foregene, Chengdu, China).
Genome Sequencing and Sequence Assembly
Following the standard protocol (Illumina, Beijing, China), DNA library with insert size of 220 base pairs (bp) was constructed from randomly fragmented genomic DNA. Sequencing date was produced using the Illumina HiSeq 2500 sequencing platform (Beijing Biomarker Technologies Co., Ltd. Beijing, China). After filtering and correction of the raw data, clean reads were obtained. The high quality reads were then assembled to contigs and scaffolds using SOAPdenovo software (http://soap.genomics.org.cn/soapdenovo.html). All of the clean reads were used to conduct de novo assembly.
Genome Size Estimation, GC Content and Genome Survey
All of the clean data were used for K-mer analysis. K-mer analysis was used to estimate the genome size (Genome size = K-mer count/Peak of the depth distribution) and characters, such as repetitive sequences and heterozygosis. The GC average sequencing depth and content was calculated by the 10-kb non-overlapping sliding windows along the assembled sequence. The characteristics of SSR motif were briefly shown according to the genome survey.
Genomic SSR Marker Development
The Perl script microsatellite searching tool (MISA) (http://pgrc.ipk-gatersleben.de/misa/misa. html) was used to identify microsatellite repeats in L. cylindrica genome sequence database. In this study, the SSR loci containing perfect SSR motif repeats of 2-6 nucleotides were only considered. The minimum SSR length criteria were defined as six reiterations for di-nucleotide, and five reiterations for other SSR motif repeats. Eighty primers were designed by Primer Premier 5.0 (Premier Biosoft International, Palo Alto, CA, USA), and all followed the parameters: 18-22 bp primer size, 100-300 bp product length and 50-60 • C annealing temperature. Primers were synthesized by TsingKe Co., Ltd., Hangzhou, China.
Genetic Relationship Analysis by SSR-HRM
We primarily tested two Luffa cultivars ("Zheda 23" and "Zheda 83") for 80 SSR loci. SSR PCR amplification was conducted in a 20 µL volume containing 10 ng of genomic DNA, 2 U Taq DNA polymerase (TaKaRa, Dalian, China), 2.0 mM MgCl 2 , 0.20 mM dNTPs and 0.2 µM each primer. The PCR protocol consisted of a pre-incubation at 95 • C for 300 s, followed by 45 cycles of 95 • C for 10 s, annealing for 10 s at 50 • C, 72 • C for 10 s, and a final extension step of 72 • C for 10 min. PCR reactions were carried out in a thermal cycler C1000 (Bio-Rad, Hercules, California, USA). PCR products were separated on 3% agarose gels at 110 V, then stained with GelRedTM (Biotium, Hayward, CA, USA) and photographed under UV light using Image LabTM software Version 2.0.1 (Bio-Rad, Hercules, CA, USA).
To evaluate the reliability and efficiency of SSR-HRM method, PAGE and sequencing were carried out. As for PAGE, PCR products obtained with the SSR marker ZJULM 50 were run on 6% denaturing polyacrylamide gel at 60 mA constant current and polymorphism was detected by silver staining [34] . GelAnalyzer (Version 2010a) was used to analyze the gel image generated by PAGE. Sequencing of PCR products obtained with the SSR marker ZJULM 50 were sequenced by ABI 3730xl sequencing platform (TsingKe Co., Ltd., Hangzhou, China). The evolutionary relationships analysis (Figure 8 ) was conducted by Molecular Evolutionary Genetics Analysis version 7.0 (MEGA7). The evolutionary history was inferred using the Neighbor-Joining method [18] . The bootstrap consensus tree inferred from 10,000 replicates was taken to represent the evolutionary history of the taxa analyzed [35] . Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed. The evolutionary distances were computed using the Maximum Composite Likelihood method [36] and are in the units of the number of base substitutions per site. Codon positions included were 1st + 2nd + 3rd + Noncoding. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA7 [37] .
Nineteen distinct genomic SSR markers were chosen to identify 32 cultivars by Real-Time PCR system using SSR High Resolution Melting method (SSR-HRM). The high resolution melting was carried out by the LightCycler 96 real Real-Time polymerase chain reaction (PCR) System (Roche Diagnostics GmbH, Roche Applied Science, Mannheim, Germany) in a total volume of 20 µL, which containing 10 ng of genomic DNA, 2. LightCycler ® 96 (Version 1.1.0.1320 Roche Applied Science, Mannheim, Germany) was used to analyze the SSR-HRM raw data. In the analysis option, both deltaTm discrimination and curve shape sensitivity were set up to 50% and afterwards the curves were analyzed, then melting curves and difference plots were generated, and finally these curves would be clustered to several genotype groups. The genotype result needed be list strictly with their accessions and markers (Table 5 ). Each HRM reaction was three repeats and some reactions might fail to perform a HRM process, then some of wrong data would be generated. These wrong data strongly affected the judgment of normal data. Therefore, these wrong data must be removed, and the corresponding genotype number should be encode "0". Then, the genotype results could be analyzed by traditional software. For example, Nei's (1973) gene diversity, Polymorphism information content (PIC) was calculated using Power Marker (version 3.25) [38] (http://statgen.ncsu.edu/powermarker/downloads.htm). The genetic similarity coefficient and UPGMA cluster analysis of these accessions ( Figure 9 ) were calculated by NTSYS software (Version 2.10e, New York, NY, USA) [39] .
Conclusions
Luffa cylindrica (L.) Roem. had a genome of about 789.97 Mb with little heterozygosity. The genomic SSR combined high resolution melting could be effectively used for genotype relationship analysis of Luffa species.
Supplementary Materials: All SSR Markers developed based on de novo genome assembly sequence of L. cylindrica have been deposited in LabArchives at http://dx.doi.org/10.6070/H4QF8QZQ. All SSR-HRM result, including normalized melting curves, different plots and genotype group result have also been deposited in LabArchives at http://dx.doi.org/10.6070/H4KS6PNQ. All other data supporting the conclusions of this article are included within the article and its additional files.
